This work presents a study related to the achievement of a nanometric structure in AA3103, employing severe plastic deformation processes (SPD), in this case equal channel angular pressing (ECAP). The changes in the mechanical properties and in the microstructure of AA3103 were studied after being processed by ECAP. Subsequently, scanning electron microscopy was used to determine the evolution of the microstructure after different thermal treatments on the material processed by this severe plastic deformation process. Furthermore, a more profound knowledge of the changes in the mechanical properties of this aluminium alloy was obtained. It was demonstrated that with different appropriate combinations of thermal treatments and ECAP processing, it is possible to significantly improve the mechanical properties through obtaining submicrometric grain size structures.
Introduction
The equal channel angular extrusion process was first developed by Segal et al. in the former Soviet Union [1, 2] . This process consists in extruding a billet of a polycrystalline material through a die made of two channels with the same cross section that intersect at an angle, 90
∘ in this case, as Figure 1 shows. As the cross-section of the processed materials does not have significant changes, due to the fact that both die channels are manufactured with a similar cross-section size, the ECAP process can be repeated several times over the same billet and, thus, achieve ≫ 1. [3, 4] .
In order to increase aluminium alloy strength, severe plastic deformation processes (SPD) such as the equal channel angular pressing (ECAP) can be used. In this present research work, AA3103 is studied because this alloy cannot be strengthened by thermal treatments.
The ECAP process, in comparison with other severe plastic deformation processes, introduces a more homogeneous deformation and it allows us to obtain parts of larger size. With other conventional plastic deformation processes, such as drawing or rolling, one or more dimensions are modified after each stage of the process. Therefore, in order to get similar values of plastic strain to those obtained by ECAP, the final section or thickness would be so small that this would limit the material processed subsequent application as structural elements.
Grain refinement down to submicrometric or even nanometric level can be achieved by ECAP process. Mechanical properties of the processed material are improved due to this grain size reduction and even superplastic behaviour can be displayed by the material [5] . As the material is processed by ECAP, the existing microstructure is replaced with a new crystalline lattice of submicrometric and/or nanometric structure, due to the introduction of a high density of dislocations in the material. The subgrains of this new lattice have a smaller size and may have a more equiaxial morphology than that of the initial grains. Further thermal treatments allow us to modify the mechanical properties of the processed material to the specific operation requirements.
In spite of the fact that the ECAP process has been widely studied with light alloys, due to the significant improvement in the mechanical properties as a consequence of the microstructure refinement, not many research works related to the aluminium alloys of the 3000 series exist. Along these lines, the work of Bhaumik et al. [6] stands out. In this piece of research work the influence of a stress applied to a billet, previously deformed by ECAP using two passages with route Bc, is studied during a thermal treatment of 320 ∘ C. One problem of the severely deformed aluminium alloys is the stability of the microstructure when they are working at temperatures higher than room temperature. As was shown in [7] , the higher the annealing temperature, the higher the reduction in the mechanical material properties. An increase in the grain size occurs with the consequent decrease in the mechanical properties such as the yield stress, as can be found in Kang et al. [8] . In this work a sheet of an AA3103 is deformed using a process based on ECAP, called CCSS (continuous confined strip shearing). Roven et al. [9] make a comparison between the yield stress, the tensile strength, and the ductility of aluminium alloys of the 3000, 5000, and 6000 series. The material employed in the tensile tests was previously deformed using the ECAP process and the billets of the 6000 series were also subjected to artificial aging.
In the articles published by Luis Pérez et al. [10, 11] the results achieved for the alloys AA3103 and AA5083 are studied after being processed by ECAP. FEM simulations were performed in order to study the effect of different combinations of angles and geometries for the dies. Besides, different friction conditions and also several operation temperatures were taken into account. Different aspects such as superplasticity, grain refinement, or hardness were related as a function of the number of passes. Therefore, the accumulated plastic strain and its distribution along the crosssection were obtained. In other research works such as Brodova et al. [12] , the study is focused on microstructural aspects of an AA3003 processed by ECAP. By employing both optical and scanning electron microscopy along with X-ray diffraction this author highlights the hardening of the sample and the refinement of the structure. This effect is related to the appearance of subgrains delimited by high angle boundaries (HABs). However, there are not many studies that profoundly analyse how the different thermal treatments affect the development of the microstructure and the change in the mechanical properties of the AA3103 processed by ECAP. Therefore, this present research work is intended to improve knowledge of the behaviour of this alloy after being plastically deformed by ECAP and modifying its structure, using different thermal treatments.
Experimental Setup
The AA3103 was processed by ECAP at room temperature with an extrusion hydraulic press designed by the Research Group in Materials and Manufacturing Engineering from the Public University of Navarre, shown in Figure 1 . The extrusion velocity employed in all the tests was 50 mm/min. The cross-section of the aluminium billets was a square of 9 mm by 9 mm and their length was 80 mm. The lubricant used in order to perform the ECAP process was molybdenum disulphide.
When the same billet is processed by ECAP several times, different routes can be used [13, 14] . In this case route C was selected. This route consists in rotating the billet 180 ∘ , around its longitudinal axis, before it is introduced at the entrance channel of the die to perform a new passage. There are different types of geometry dies cited in the bibliography [3, 5, 15, 16] . The most used ones in the past provided an outer radius which was not tangential to the walls of the die [3, 5] . Subsequently, some other improved geometries have been developed, such as those by Luis Pérez [15] and Luri et al. [16] . The die geometries with an intersection angle of 90 ∘ with equal fillet radii of 1.95 mm described in [14, 15] have been used in the present study. This geometry is shown in Figure 1 .
The material was studied without having been processed by ECAP (N0), processed up to 2 times by ECAP using route C (N2) and up to 4 times using route C (N4). These three states of material were studied by performing tensile tests and microhardness tests.
Each of the hardness (HV) values was assessed from ten random measurements throughout the cross-section of Tensile tests were conducted for each material state. Three replications were employed for each state. The tensile force in the test was increased with a rate of 100 N/s. The tensile billets were machined from a square ECAP billet with a crosssection of 9 mm by 9 mm and a length of 80 mm. The total length of the tensile billet was of 62 mm. The grip length was 20 mm, the gauge length was 20 mm and the fillet radius between the gauge and the grip zones was 2 mm. All the billets broke in the gauge zone.
In order to study the microstructure of the samples, the samples were cut using a metallographic saw. Subsequently, they were mounted in a nonconductive acrylic resin and they were ground with diamond and colloidal silica as abrasives. To perform the optical microscopy, the Barker electrolytic (2.5% HBF 4 ) etching was used since it allows us to observe the microstructure under polarized light. In the case of the scanning electron microscopy, the equipment used was a high resolution field emission electronic microscope equipped with detectors of secondary and backscattered electrons along with electron backscattered diffraction (EBSD).
Mechanical Properties Analysis
To determine the temperature values for the thermal treatments of this material, a previous study is necessary. This study compares the hardness and searches for the temperature at which recrystallization takes place. In order to do this, the samples were put into the oven once the desired temperature was reached. After one hour of thermal treatment at the established temperature, the hardness (HV) was measured for each sample. Hardness results for the initial state (N0) after two (N2) and four ECAP (N4) passes without thermal treatment are shown in Figure 2 . After two ECAP passes, the hardness improvement of 68.1%, as compared to the initial state of the material, does not change significantly The same results are achieved with the mechanical properties obtained from the tensile tests: the yield stress and the tensile strength increase and the elongation at failure decreases after two passes (N2). The properties for four ECAP passes (N4) are similar to those obtained with two passes (N2) due to the effects of plastic strain saturation and work hardening, as Figure 3 shows. Table 1 shows a summary of the values obtained from the different samples studied, employing Vickers hardness scale. Figure 4 shows the hardness value for each of the different thermal treatments carried out on the samples in N2 state. The lower line fits to the hardness measurement obtained for the initial state (N0). In the same way, the upper line corresponds to that hardness measurement achieved with two ECAP passes (N2) and without any thermal treatment. After a first peak in which the hardness increases slightly (this could be due to the variability of the hardness tester), a gradual decrease in the hardness appears from 200 ∘ C upwards, becoming lower than the initial state (N0) measurement from 350 ∘ C upwards. Subsequently, for five of these temperatures (the thermal treatment at 175 ∘ C was rejected because the temperature was too low) the samples were thermally treated during different holding times: 0 h, 0.5 h, 1 h, 1.5 h, 3 h, 5 h, and 7 h. Hardness tests along with optical and scanning electron microscopy were carried out on these samples. Figure 5 summarizes the hardness evolution of the treatments carried out.
From the results obtained the thermal treatments at 200 ∘ C, 300 ∘ C, and 350 ∘ C were chosen to carry out the tensile tests. And now, these studies are presented in detail.
Thermal Treatment at 200
∘ C. For this present study the optimum recovery temperature is considered to be that in which the alloy AA3103 processed by ECAP undergoes a small decrease in its hardness value and, at the same time, it improves its ductility after its specific thermal treatment. From the previous section the optimum recovery temperature selected was 200 ∘ C. Table 2 shows the hardness values measured for each holding time at 200 ∘ C as shown in Figure 5 .
As can be observed from Table 2 , the hardness of the material does not present a significant decrease with the holding time of the treatment, even though for a holding time of 7 h. A small peak appears for the holding time of 1 h. From this time upwards, the hardness begins to decrease slightly until it reaches a stationary value around 66 HV. After these comments, three different holding times, 0 h, 1 h, and 5 h were selected to perform the tensile tests. Figure 6 shows the results obtained.
From Figure 6 it may be stated that both the yield stress ( ) and the tensile strength stress ( uts ) of the material decreases with the holding time of the recovery thermal treatment. Thus, it can be established that for 1 h and 5 h of treatment, a decrease in the yield stress of 8.9% and 12.1% occurs, respectively. For the tensile strength this decrease is around 4.6% and 8.2% respectively. On the other hand, as Journal of Nanomaterials 5 might be expected, an increase in the ductility is achieved with respect to the billet processed twice (N2) by ECAP. At 1 h of holding time, this increase is 16.6% and around 34% in the case of 5 h.
Thermal Treatment at 300
∘ C. The temperature for this treatment was chosen because it is situated at an intermediate position between the recovery and the recrystallization temperatures (350 ∘ C). As will be demonstrated below, the recrystallization does not take place even after 7 h of treatment. This has the aim of obtaining an improvement in the properties without worsening the ductility. Table 3 depicts the hardness values measured for each holding time at 300 ∘ C, which are also shown in Figure 5 . Table 3 and Figure 5 show that the hardness decreases in the first hour of treatment a percentage of 23% down to a value of 53.6 HV, where it remains constant or even increases slightly with more hours. After these results, three different holding times of, 0 h, 1 h, and 5 h were selected to perform the tensile tests. Figure 7 shows the decrease in the yield stress and in the tensile strength of the material when the holding time of the treatment is increased. Thus, the values of decrease in the yield stress are 22.5% and 29% with respect to the holding times of 1 h and 5 h, respectively. Furthermore, the tensile strength decreases by a percentage of 18.6% with respect to the treatment of 1 h and a percentage of 25.1% in the case of 5 h. However, the ductility is improved in the treated material with respect to the material processed twice (N2) by ECAP. At 1 h of holding time this increase is 77.3% and around 141.1% in the case of 5 h.
Thermal Treatment at 350
∘ C. A temperature of 350 ∘ C is selected in order to make the recrystallization thermal treatment easier to control. If a higher temperature is employed, the recrystallization process and the decrease in the hardness become too fast. Both factors cause the increase in the grain size of the material. The aim of this treatment is to achieve a decrease in the grain size and to obtain a higher ductility. As is shown in Table 4 , the hardness decreases strongly during the first hour of treatment but in a controllable way. After this holding time of 1 h, the hardness values are below than those obtained in the initial state of the material.
As in previous sections, three different holding times of 0 h, 1 h, and 5 h were selected to evaluate the mechanical properties. This was done by performing several tensile tests. The results are shown in Figure 8 . Both the yield stress and the tensile strength of the material decreased considerably. Thus, the percentage of decrease in the yield stress is 71.9% and 72.2% with respect to the holding times of 1 h and 5 h, respectively. The same behaviour is observed for the tensile strength results, where now the percentage of decrease is 42.8% and 43.1%, respectively. On the other hand, an increase in the ductility of the thermally treated material is achieved with respect to the billet processed twice (N2) by ECAP. At 1 h of holding time this increase is 396.1% and around 381.3% in the case of 5 h.
Microstructure Analysis
In this section the refinement grain achieved by the accumulation of different levels of plastic strain will be shown for several thermal treatments. N0, N4, and NN2 were selected for this microstructure analysis. The NN2 state is one of the novelties of this work. This state is obtained as follows: the initial material is processed twice by ECAP through route C, then a subsequent recrystallization thermal treatment is applied in order to achieve a refinement in grain size, and finally two new ECAP passes are carried out employing route C. The intermediate thermal treatment is carried out at 350 ∘ C during 0.5 h as Figure 9 shows.
If N0 is compared with N4 the grain refinement reached in the material samples is more than 250 times its initial grain size. Furthermore, the size ratio of the microstructure grains has been reduced down to half of its initial value. These two aspects have an impact on the improvement in the mechanical properties and on its homogeneity. Table 5 shows these results. Figure 9 shows an optical micrograph of the grain size for the initial material, with a mean value of 150 m and N2 with thermal treatment at 350 ∘ C during 0.5 h (NN2) with a mean value of 50 m.
In the same way, Figure 10 shows a SEM micrograph of the grain size of the AA3103 after four ECAP passes and rotating the billet 180 ∘ between each ECAP pass (route C). From the EBSD mapping (see Figure 11 ) the grain misorientation for the sample that has undergone four passes (N4 as worked) is easy to see, because of the big difference in colours, as might have been expected beforehand. Grain diameter ( m) From the EBSD mapping, the histograms shown in Figure 12 are attained. This histogram presents the distribution function of the grain size, which is centred on a value of around 550 nm, and the grain size ratio, whose peaks are in a range between 1.5 and 3.5.
In order to analyse if the grain size value of the NN2 state decreases compared to the N4 state, Figure 13 presents two SEM micrographs showing the grain size of the microstructure. As can be observed, the grain size does not change significantly with respect to N4 (see Figure 10) .
The N4 material was deformed up to a plastic deformation of 4.6, where the initial grain size was around 150 m and a grain size smaller than 1 m was eventually reached. On the other hand, the NN2 was first processed up to two times by ECAP introducing a plastic strain of 2.3 and, henceforth, a thermal treatment was used. Then the grain size was modified and the plastic strain disappeared due to the treatment. The grain size after the process was around 50 m. This new material was then processed twice more by ECAP up to a plastic deformation of 2.3 where, in this case, the initial grain size was around 50 m and a grain size smaller than 1 m was eventually reached.
Each material was deformed up to a different plastic deformation level and had different initial grain size. It can be observed from the experiment that the smaller the initial grain size the lower the required plastic strain to be introduced in order to reach the desired grain reduction.
Conclusions
In this research work, a study on the variation in the microstructure and in the mechanical properties was carried out for the aluminium alloy AA3103 after being processed by severe plastic deformation (SPD), with equal channel angular pressing process being employed for this purpose.
It was determined that using a thermal treatment at 200 ∘ C with a holding time of 1 h or 5 h it is possible to achieve a significant improvement in the mechanical properties. The yield stress can be increased by around 135%. This has a great deal of interest for developing applications where good resistance properties are required. As well as this increase in the tensile strength, it was found that a slight improvement 8 Journal of Nanomaterials in the ductility with respect to the twice processed material with route C was also possible. On the other hand, utilising a recovery thermal treatment at 300 ∘ C during 5 hours, the yield stress increases very much and with a ductility higher than that of the processed material. Finally, if a recrystallization thermal treatment at 350 ∘ C is employed during 1 hour, a very significant improvement in the elongation to failure is achieved with respect to the initial material. This percentage of increase is around 13.2%.
As far as the grain size refinement is concerned, it may be stated that the final size achieved is approximately 500 nm.
